Fin buffeting is an aeroelastic phenomenon encountered by high performance aircraft, especially those with twin vertical tails that must operate at high angles of attack. This buffeting is a concern from fatigue and inspection points of view. To date, the buffet (unsteady pressures) and buffeting (structural
Introduction
For high performance aircraft, such as the F/A-18, at high angles of attack, vortices emanating from wing leading edge extensions (LEX) often burst, immersing the vertical tails in their wake ( Figure 1 ). Although these vortices increase lift, the resulting buffet loads on the vertical tails are a concern from airframe fatigue and maintenance points of view. As shown in Figure 1 for the F/A-18, the source of the buffet stems solely from one dominant LEX vortex that bursts ahead of the vertical tails. However, for the F-15 configuration (Figure 2 ), the buffet is created by the American Institute of Aeronautics and Astronautics combination of several vortices originating from different sources which include the engine inlet and the wing leading edge as indicated by the trajectories. Because the configurations of the two vehicles differ, worst-case buffeting occurs in different modes. The F-15 fin suffers from high responses in its first torsion mode whereas the F/A-18 fin suffers from high responses in its first bending mode. Thus, configuration of the aircraft plays a vital role in the buffet and buffeting characteristics of the fin.
Previous wind-tunnel and flight tests [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] have been conducted to quantify the buffet loads on the vertical tails of the F-15 and F/A-18. These tests were designed to characterize the flow mechanism and to quantify the unsteady differential pressures acting on the vertical tails during high-angle-of-attack maneuvers. The major findings of these tests were: 1) that the buffet pressures vary with flight conditions; 2) that the buffeting (response of the tail) varies with flight conditions; and 3) that the power spectra scale with Strouhal number. Specifically for the F/A-18, later comparisons among pressure data from reducedscale wind-tunnel, full-scale wind-tunnel, and flight tests revealed that the time delays also scale with Strouhal number [8] [9] [10] . Using this new information, it was possible to estimate more accurately the fin buffeting for the F/A-18. Since very little data was available for the F-22 configuration (Figure 3 ), Ashley et. al. 11 estimated the buffeting of the F-22 fin by scaling F/A-18 pressure data. However, the shape of the F-22 engine inlet and wing leading edge differ from that of the F/A-18. Therefore, some assumptions were made in using the F/A-18 data for analyzing F-22 fin buffeting. Thus, the purpose of this paper is twofold: 1) to present some buffet and buffeting features of the F-22 configuration; and 2) provide comparisons between the F/A-18 and the F-22 fin buffet characteristics. The port fin ( Figure 5 ), which was rigid relative to a dynamically-scaled flexible fin, was instrumented with American Institute of Aeronautics and Astronautics pairs of surface-mounted unsteady pressure transducers arranged in a grid pattern ( Figure 6 ). This pattern of stations was chosen for quantifying the unsteady buffet pressures that create motion of the fin in its first bending and first torsion modes. The starboard flexible fin ( Figure 7 ) was scaled dynamically to an earlier F-22 configuration. The fin was fabricated using a honey-comb core construction with continuous skins. The rudder was actively driven by a hydraulic actuator. Accelerometers and strain gages were mounted on the fin (Figure 8 ) for measuring structural responses to the unsteady buffet pressures. A single unsteady pressure transducer was placed near the mid-span, mid-chord location on the inboard surface of the flexible fin for corroborating the pressures measured on the port fin and for assessing the downstream effects of the unsteady pressures measured at the root and LEX of the wing. Figure 2 for the F-15.
To illustrate fin buffet, power spectral density functions were computed of the surface unsteady pressures and the differential unsteady pressures at stations ( Figure 6 ) on the "rigid" port fin. At the inboard transducer at Station 5, an aerodynamic mode around 30 Hz begins forming at 22 degrees angle of attack ( Figure 9 ). By 42 degrees angle of attack, this aerodynamic mode has grown in magnitude and shifted to a lower frequency value around 15 Hz. Seen in Figure 10 , the spectra of the buffet pressures on the outboard surface at Station 5 are similarly shaped; however, there are 2 noticeable differences: 1) the maximum pressure observed by the outboard transducers occurs at 22 degrees angle of attack ( Figure 10 ) rather than at the higher angles of attack as observed by the inboard transducer ( Figure 9 ); and 2) a second aerodynamic mode around 45 Hz is observed by the outboard transducers ( Figure 10 ). Shown in Figure 11 , the differential (inboard surface minus outboard surface) pressure at Station 5 is dominated by the pressure on the outboard surface ( Figure 10 ) for angles of attack below 30 degrees. For higher angles of attack, the buffet pressure on the American Institute of Aeronautics and Astronautics inboard surface ( Figure 9 ) contributes more to the differential pressure ( Figure 11 ). This feature indicates that the trajectory of the dominant vortex passes outboard of the fin at the lower angles of attack. As angle of attack is increased, this trajectory moves inboard eventually passing inboard of the fin. In addition to measuring unsteady pressures on the fin, one unsteady pressure transducer was mounted on the LEX just aft of the engine inlet and another one mounted at the quarter-chord root of the starboard rigid wing ( Figure 4 ). These transducers were placed in these positions for measuring unsteady pressures along the root and LEX of the wing. As shown in Figure 12 , an aerodynamic mode at a frequency around 75 Hz begins forming above the starboard wing at 26 degrees angle of attack. As angle of attack is increased, this aerodynamic mode grows in magnitude while shifting to a lower frequency. This magnitude of this mode peaks around 34 degrees angle of attack.
In addition to this mode above the wing, an aerodynamic mode forms above the LEX just aft of the engine inlet, as shown in Figure 13 . However, this mode forms at 34 degrees angle of attack, well after the mode above the wing was first measured. Also, the mode at the LEX increases in strength as angle of attack is increased above 38 degrees. However, the mode at the wing (Figure 12 ) decreases as angle of attack is American Institute of Aeronautics and Astronautics increased above 38 degrees. Conceivably, these trends may indicate that the burst location initially lies between the two gages and approaches the engine inlet as angle of attack is increased. This concept is consistent with F/A-18 data. Another interesting feature is that the aerodynamic mode measured at the wing root (Figure 12 ) resides at a different frequency than the dominant aerodynamic mode measured at the fin (Figures 9 through 11) . Although occurring at different frequencies, these two aerodynamic modes consistently illustrate a similar drop in magnitude and a shift to lower frequencies as angle of attack is increased (Figures 11 and 12 ).
For comparison, the rms values of the pressures measured at the wing root and fin are plotted versus angle of attack ( Figure 14) . While occurring at different angles of attack, the peak rms value of the pressure on the wing is more than one order of magnitude greater than the peak rms value of the buffet pressure at the fin. As further evidence that significant changes occur between the buffet pressures at the fin and the unsteady pressures sensed at the wing root, the crosscorrelation function is computed (Figure 15 ). The maximum value of 0.2 indicates very little correlation between the pressures on the flexible fin and at the wing ¼-chord root location. Therefore, the vortex or vortices that create the primary buffet pressures at the fin ( Figure 11 ) do not originate at the LEX. As observed during the test, the vortex originating near the leading edge of the wing (similar to Figure 2 ) engulfs the fin and is most probably the primary source of the fin buffet. The buffeting of the fin varied with angle of attack and occurred mainly in the first and second structural modes of the fin. The root bending moment (mode at 16 Hz in Figure 16 ) peaks at the higher angles of attack. Conversely, the torsion moment (mode around 30 Hz in Figure 17 ) peaks at the lower angles of attack. The reason for these trends can be explained by examination of the buffet (forcing function) that is causing these modal responses. As illustrated previously in Figure 11 , the aerodynamic forcing function on the fin varies with angle of attack. At 22 degrees, the aerodynamic mode at the fin ( Figure 11 ) coincides with the frequency value of the torsion mode American Institute of Aeronautics and Astronautics around 30 Hz ( Figure 17 ). As angle of attack is increased, the aerodynamic mode ( Figure 11 ) moves away from the torsion mode at 30 Hz and approaches the bending mode around 16 Hz (Figure 16 ). At 42 degrees angle of attack, the aerodynamic mode at the fin coincides with the first bending mode resulting in the highest measured value of root bending moment. 
Rudder Effectiveness at High Angles of Attack
A series of tests was performed for assessing the force output and buffeting alleviation effectiveness of the rudder at high angles of attack. Initially, commands were sent to the rudder on the starboard fin while measuring the signals from response sensors located on the starboard fin ( Figure 8 ). System identification techniques were employed for computing the frequency response functions between each sensor and the rudder command and deflection. Subsequently, these frequency response functions were used in designing control laws for alleviating fin buffeting.
Five different single-input single-output (SISO) control laws were tested. The phase and filtering were varied among these five control laws for verifying expected performances with actual alleviation results. Because of limited bandwidth of the rudder, alleviation of the first bending mode only was attempted. As shown in Figures 18 and 19 , the root bending moment around 16 Hz was alleviated. As summarized in Figure 20 , reductions in the rms value above 20% were achieved while using well below 1 degree (rms) of rudder deflection. These reductions indicate that the rudder is effective at all angles of attack tested between 24 and 38 degrees. The wave phenomenon may be checked by determining whether the phase at a given frequency value triples when the distance between the two stations is tripled. As shown in Figure 21 , the peak magnitude occurs in the vicinity of 20 Hz while the associated phase is around negative 20 degrees. When the separation distance is tripled, as is the case for the two stations whose CSD is shown in Figure 22 , the phase at 20 Hz is around negative 60 degrees. Similar features were observed for the same stations while at a lower angle of attack.
Another metric for determining spatial "connectivity" is by using the coherence function. Although normalized to a maximum value of unity, the coherence function identifies the level of "connectivity" as a function of frequency. For instance, the coherence function between two separated stations that measured the same sinusoidal signal would appear as a spike (single vertical line) at the frequency of the sinusoid with a peak value of unity.
Seen by comparing Figures 23 and 24 , the maximum value of coherence at 38 degrees angle of attack ( Figure  23 ) is lower than the maximum value of coherence at 32 degrees angle of attack (Figure 24 ). This feature usually indicates that the vortices have lost energy as the model was moved from 32 degrees to 38 degrees angle of attack. It may also indicate that the burst location is closer to the nose when the model is at the higher angle of attack. 
Effects of Leading Edge Flap and Horizontal Tail Deflections
In practice, leading edge flaps are deflected downward on the F/A-18 during high angle of attack maneuvers. Therefore, the effect of leading edge flap deflection on the F-22 unsteady fin pressures was investigated. In addition, the horizontal tail deflection angle was adjusted for assessing further impact on fin buffet. This difference is noted also by comparison of the coherence functions for the F-22 and F/A-18 models. For the F/A-18, the peak magnitude of the coherence function ( Figure 31 ) agrees with the maximum peak value for the F-22 (Figures 23 and 24) . However, the width of this peak (Figure 31) for the F/A-18 is more narrow than the peak (Figures 23 and 24 ) for the F-22. Therefore, the spatial "connectivity" between adjacent stations on the F-22 appears "stronger" than for the F/A-18. Thus, the presence of a second vortex (around 45 Hz) appears to influence the shape of the CSD and coherence functions of the fin buffet on the F-22. 
Conclusions
Based on test results of a 13.3%-scale full-span F-22 model in the Transonic Dynamics Tunnel, some fin buffet and buffeting occur on the F-22 configuration. The flow ahead of the model was seeded with smoke for visualizing the trajectories of the vortices that form above the model at high angles of attack. Power spectral density, cross-spectral density, crosscorrelation, and coherence functions were computed of some fin pressures for presenting the fin buffet characteristics of the F-22 model. Power spectral density functions were computed of the root bending moment and root torsion moment of the starboard fin to illustrate the fin buffeting occurring at high angles of attack. Using feedback from an accelerometer on the starboard fin, the rudder was effective in reducing fin buffeting in the first bending mode. Furthermore, similarities and differences between fin buffet features of the F-22 and F/A-18 configurations were highlighted, illustrating the effects of multiple vortices on fin buffet features of the F-22.
